The complexes of HArF, HKrF, and HKrCl with nitrogen molecules have been studied computationally and experimentally. With the help of computations the experimental data can be interpreted as showing the presence of two complex configurations, one linear and one bent. Vibrational properties of the studied molecules are very sensitive to the intermolecular interactions and complexation induces an exceptionally large blueshift ͑Ͼ100 cm Ϫ1 for HKrCl͒ to the H-Ar and H-Kr stretching frequency, especially for the linear configurations. The interaction energies without zero-point energy correction are between 400 and 800 cm Ϫ1 . According to the energy decomposition scheme, the electrostatic forces provide the most important interaction in the linear complex configurations. For the bent complexes, electrostatic and dispersion forces are competing as a leading attractive interaction.
I. INTRODUCTION
Intermolecular interactions are of central importance in many fields of chemistry, physics and biology. The vibrational properties of molecules are very sensitive to the intermolecular interactions and vibrational spectroscopy has been traditionally used to study complexation and solvation of molecules. The hydrogen stretching vibration frequency usually shifts down upon complexation and the magnitude of the shift reflects the strength of the interaction. 1 Currently, there is increasing interest in somewhat exceptional blueshifted systems where the frequency of the vibration shifts up ͑in energy͒ upon complexation ͑for example, C 6 H 6¯H CCl 3 , F 3 CH¯H 2 O, and F 3 CH¯H 2 CO). 2 In a recent theoretical study, it was suggested that the physical origin of a blueshift is based on the same mechanisms as that of a redshift: an interplay between attractive electrostatic forces, Pauli repulsion and orbital interactions. 3 It was concluded that the orbital interactions are stronger in the redshifting case causing lengthening of the bond and hence lowering of the frequency. Recently, we have reported a large experimental blueshift of more than 100 cm Ϫ1 for the H-Kr stretching frequency in HKrCl upon complexation with N 2 . 4 HKrCl is a member of the family of hydrogen-containing rare gas compounds. [5] [6] [7] With a strong (HKr) ϩ Cl Ϫ ion pair character, it has a large dipole moment of 7.4 D ͑computationally͒ and therefore it is a good species to investigate electrostatic interactions with surrounding. Complexation of HXeOH with water represents another case of strong blueshifting ͑Ͼ100 cm Ϫ1 ͒ interactions within this family of molecules. 8 In the light of these results and computations on the related XeH 2¯H2 O system, 9 it seems that for these rare gas containing compounds the blueshift of the H-Rg stretching vibration is a normal effect. Very recently, McDowell have found computationally that HArF¯CO and HArF¯N 2 show a blueshift of the H-Ar stretching frequency as well but the same vibration shows a redshift in the HArF¯P 2 complex. 10, 11 This suggest that HRgY complexes are very attractive for understanding factors that determine whether blueshift or redshift occurs. In this paper, we report experimental and computational results for nitrogen complexes of HArF, HKrF, and HKrCl. In all the cases, complexation induces a substantial blueshift of the H-Rg stretching vibration.
II. EXPERIMENT

A. Experimental details
To prepare HF/N 2 /Rg matrices, a mixture of Ar ͑99.9999%, Aga͒ or Kr ͑99.95%, Air Liquide͒ with N 2 ͑99.9999%, Aga͒ was passed over an HF-pyridine polymer ͑Fluka͒ kept in a deposition line at room temperature. The ͓Rg͔/͓HF͔ ratio was estimated to be ϳ2000 based on the gas-phase integrated absorptivity of HF and the matrix thickness, 7,12 the ͓N 2 ͔/͓Rg͔ being ͑0-1͒:500. For preparation of HCl/N 2 /Kr matrices, HCl ͑99%, CIL͒, N 2 and Kr gases were mixed in various proportions in a glass bulb. The matrix ratios used were ͓HCl͔/͓N 2 ͔/͓Kr͔ϭ1:(0 -10):1000. The samples were deposited onto a CsI substrate kept at 20-28 K in a closed-cycle helium cryostat ͑APD, DE 202A͒. The typical matrix thickness was 100-200 m. The spectra were measured at 7.5 K by a Nicolet 60 SX Fouriertransform infrared ͑FTIR͒ spectrometer with 0.25 or 1 cm Ϫ1 resolution in the middle infrared region by using a Ge-KBr beam splitter and a MCT detector.
The HF/N 2 /Rg (RgϭAr,Kr) matrices were photolyzed with a Kr plasma discharge lamp ͑Opthos͒ emitting radiation at 127-160 nm resulting in 10-20% decomposition of the precursors in approximately 1 h and then the photolysis rate essentially decreased. The slowing down of the decomposition is probably caused by self-limitation of the photolysis, due to the rising absorptions of the photolysis products. 13 The HCl/N 2 /Kr samples were photolyzed with an ArFexcimer laser ͑MPB, MSX-250͒ operating at 193 nm. The degree of decomposition of HCl¯N 2 complex after ϳ10 4 pulses with ϳ10 mJ cm Ϫ2 energy density was Ͼ50% and the self-limitation of photolysis due to KrCl absorption also takes place here.
14 After the irradiation, the samples were annealed up to 34 K ͑Ar͒ or 39 K ͑Kr͒.
B. HRgY monomers
HArF, HKrF, and HKrCl monomers have been studied previously. [5] [6] [7] [15] [16] [17] [18] [19] The IR absorption spectra of these species in the H-Rg stretching region are shown in Fig. 1 . A specific feature of the HArF and HKrF molecules is the experimental evidence for two groups of matrix sites with different thermal stability, and we call these site groups thermally stable (HRgF S ) and unstable (HRgF U ). 7, 15 The decomposition of the thermally unstable matrix sites occurs at ϳ27 K and 31 K in Ar and Kr, respectively ͓see Figs. 1͑a͒ and 1͑b͔͒ and the corresponding vibrational frequencies are given in Table I . This annealing-induced transformation of the matrix site structure was experimentally connected with thermal relaxation of local matrix morphology. 15 The simulations suggest that the stable and unstable configurations correspond to HArF and HKrF molecules in single and double substitutional sites with different thermal stability. 7, 20 In contrast, HKrCl seems to occupy only one matrix-site configuration, and no thermal relaxation for it is found experimentally. 16 -19 C. HArF¯N 2 After deposition of a HF/N 2 /Ar (1:4:2000) mixture at 20 K, the absorption band of HF¯N 2 complex at 3881.5 cm Ϫ1 dominates in the IR absorption spectra ͓see Fig. 2͑a͒ lower trace͔, [21] [22] [23] and an additional band at 3886.8 cm Ϫ1 appear near the HF¯N 2 band. According to our best knowledge, this band at 3886.8 cm Ϫ1 has not been previously reported. A probable explanation of the band is another matrix site of the HF¯N 2 ͑in analogy with HF monomers͒ or less probably a complex of hydrogen fluoride with two nitrogen molecules. HF monomer ͑3962.5 and 3952.4 cm Ϫ1 ͒ and (HF) 2¯N2 (3788.0 cm Ϫ1 ) were also present in the sample. 21, 22, 24, 25 We estimated by ab initio calculations ͓MP2(full)/6-311ϩϩG(2d,2p)͔ that the absorption intensity of HF¯N 2 is 3.5 times larger than that of the HF monomer. Based on this, the ͓HF¯N 2 ͔/͓HF͔ ratio in our experiment is estimated to be ϳ2 ͑assumed ͓HF͔/͓N 2 ͔ϭ1:4).
Irradiation with the Kr plasma discharge lamp during 1 h decomposed 10-20% of HF¯N 2 . After annealing of the photolyzed sample at 21 K, the known bands of HArF U ͑1965. 7, 1969.4, and 1972 ͒. The computational data are obtained with the MP2 method and various basis sets. The experimental values of the complexes are monomer-to-complex shifts. The thermally stable and unstable matrix sites are marked with S and U. IR absorption intensities are given in parentheses ͑in km mol Ϫ1 ͒. The absorption intensity marked with an asterisk is due to coincidentally close frequencies of H-Ar stretching and N-N stretching vibration modes. are assigned to the HArF S¯N 2 complexes. All these complex bands are observed only in matrices containing N 2 . Upon annealing, the N 2 -induced bands and HArF monomer bands grow and decompose quite simultaneously. Photostability of the complex and monomer bands is similar as checked at 193 nm irradiation.
D. HKrF¯N 2
After deposition of the HF/N 2 /Kr (1:4:2000) mixture at 28 K, the HF¯N 2 complex band at 3880.5 cm Ϫ1 dominated in the spectrum ͓see Fig. 2͑a͒ , the upper trace͔. The estimated ͓HF¯N 2 ͔/͓HF͔ ratio, based on the ab initio intensities, is ϳ4 in the ͓HF͔/͓N 2 ͔ϭ1:4 ͑estimate͒ experiments. After annealing a photolyzed sample at 31 K, the known bands of HKrF U (1925.6 cm Ϫ1 ) and HKrF S (1951.6 cm Ϫ1 ) in the H-Kr stretching region appeared in the spectra. 7 A strong additional band at 1936.5 cm Ϫ1 is observed upon doping with nitrogen ͓see Fig. 4͑a͔͒ and we assign it to the HKrF Table I͒ . In these experiments, we could not observe bands of HKrF or its N 2 complex in the bending region due to the low absorption intensity of the bending modes. 7, 26 Again, the bands assigned to the N 2 complexes appear only upon N 2 doping. Upon annealing, the complex and corresponding monomer grows simultaneously and their photostability is similar under 193 nm irradiation. 
E. HKrCl¯N 2
The absence of thermally unstable matrix sites makes analysis of the HKrCl¯N 2 complex more straightforward compared with the HRgF complexes. 4 After deposition at 27 K (͓HCl͔/͓N 2 ͔/͓Kr͔ϭ1:2:1000), the HCl¯N 2 bands at 2853.6 and 2851.2 cm Ϫ1 are strong in the spectra ͓see Fig.  2͑b͔͒ . The computational ͓MP2(full)/6-311ϩϩG(2d,2p)͔ IR intensity of HCl¯N 2 is four times larger compared with the HCl monomer, 4 and the ͓HCl¯N 2 ͔/͓HCl͔ ratio is estimated to be ϳ0.4 for the matrix with ͓HCl͔/͓N 2 ͔/͓Kr͔ ϭ1:2:1000. Annealing at 34 K of the photolyzed HCl/N 2 /Kr matrices yields a number of IR absorption bands. The known HKrCl monomer bands are at 1476.1 cm Ϫ1 ͓͑H-Kr͔͒, 543.7, 542.1 ͓␦͑H-Kr-Cl͔͒, and 1069.3, 1067.9 cm Ϫ1 ͓2␦͑H-Kr-Cl͔͒. 4, 16, 17 In addition, nitrogen-induced bands at 1480.2, 1497.7, 1508.5, 1514.5, and 1589.0 cm Ϫ1 in the H-Kr stretching region, 541.5 and 1067.0 cm Ϫ1 in the H-Kr-Cl bending and bending overtone regions, respectively, are seen ͑see Fig. 5 and Table I͒ . These nitrogeninduced bands are assigned to HKrCl¯N 2 complexes as discussed previously. 4 For all the studied systems (HArF¯N 2 , HKrF¯N 2 , and HKrCl¯N 2 ), the possible assignment of the observed spectral features to the higher order HRgY¯͑N 2 ) x (xϾ1) complexes was ruled out by the experiments with extensive N 2 doping.
III. COMPUTATIONS
A. Computational details
The quantum chemical ab initio calculations on the HRgY¯N 2 complexes were carried out with the GAUSSIAN 98 ͑Revision A.9͒ program package on the SGI Origin 2000 computer ͑CSC-Center for Scientific Computing Ltd., Espoo͒. 27 The electron correlation method was the second order Møller-Plesset perturbation theory ͑MP2͒ taking all electrons explicitly into correlation calculations. The used basis sets were the standard split-valence 6-311ϩ ϩG(2d,2p) and augmented Dunning's correlation consistent valence double-and triple-zeta basis sets aug-cc-pVXZ ͑X ϭD,T͒. The natural population analysis ͑NPA͒ at the MP2 level was used to find partial charges of atoms in the complexes. The Morokuma interaction energy component analysis for the complexes was carried out with Gamess program library. 28 -30 The Morokuma analysis was run at the HartreeFock ͑HF͒ level by using the aug-cc-pVDZ basis set at the optimized geometries ͑MP2/aug-cc-pVDZ͒. The basis sets for the Gamess calculation were taken from the basis function database. 31 The dispersive interaction was estimated as a difference of electronic interaction energies obtained at the MP2 and HF levels by using the same complex geometry ͓⌬E(disp)ϭ⌬E(MP2)Ϫ⌬E(HF)͔. 32, 33 The interaction energies of the complexes were calculated by using Counterpoise basis set superposition error ͑BSSE͒ correction.
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B. Computational results
The structures of the complexes obtained at three computational levels are presented in Table II and the notations are given in Fig. 6 . For all complexes studied, we found two configurations corresponding to the true energy minima on intermolecular potential energy surface. Following Ref. 4 , we call them linear and bent complexes ͑see Fig. 6͒ . As a general trend, the complexation leads to a shortening of the H-Rg bond and an elongation of the Rg-Y bond compared with the monomer. The computational harmonic vibrational frequencies and IR absorption intensities are presented in Table I . The vibrational frequencies of the complexes are given as monomer-to-complex shifts, and the experimental values are obtained using the strongest monomer and complex bands. Our results on HArF¯N 2 ͑linear configuration͒ agree with the corresponding computational data very recently presented by McDowell. 11 The computational electronic interaction energies and vibrational zero-point energy ͑ZPE͒ corrected interaction energies are presented in Table  III . The interaction energy of HArF¯N 2 is the largest, HKrF and HKrCl complexes having smaller interaction energies. As suggested by the ZPE corrected values, the bent configuration of HKrF and HKrCl complexes is energetically more favorable than the corresponding linear configuration. The situation is less definite for HArF where two of the three levels of theory feature a larger stability of the linear configuration. The results of the Morokuma interaction energy component analysis at the HF/aug-cc-pVDZ level are presented in Table IV . The electrostatic energy provides the largest contribution in the attractive interaction energy of the linear complexes. For the bent complexes, the estimated dispersion energy component is comparable with the electrostatic contribution. The charge-transfer and polarization energy components are also important, especially in the linear configurations.
IV. DISCUSSION
A. Nature of the interaction
The bonding in the HRgY molecules consists mainly of the ionic (HRg) ϩ Y Ϫ and covalent HRgY parts. At the equilibrium geometry, the ionic contribution is dominant. 5, 35 The strong (HRg) ϩ Y Ϫ character explains the large computational dipole moments ͑up to 9 D͒, 5 comparable with salt molecules. The dipole moments of the presently studied molecules are 7.2 D for HArF, 6.5 D for HKrF, and 7.4 D for HKrCl as calculated at the MP2(full)/6-311ϩϩG(2d,2p) level. As mentioned earlier, these large dipole moments make the HRgY molecules very sensitive probes for studying electrostatic and induction interactions. According to a simple electrostatic analysis on the HKrCl¯N 2 system presented in our previous paper, the interaction energy is mainly composed of dipole-quadrupole and dispersive components in both linear and bent complex configurations. 4 In accordance with this analysis, the Morokuma interaction energy decomposition scheme ͑see Table IV͒ shows that the electrostatic interaction between frozen charge distributions of the complex partners E ES is an important component of the attractive interaction in both forms of complexes. The orbital relaxation energy, which is the energy difference when the orbitals of the separate complex partners are changed to the molecular orbitals of the complex, gives an important contribution to the total interaction energy. Its magnitude is larger in the linear than in the bent complexes. The orbital relaxation energy can be split into the polarization E PL and charge-transfer E CT terms. The polarization E PL originates from mixing of occupied and nonoccupied orbitals of the same complex partner. The charge-transfer terms originate from mixing of occupied orbitals of the one complex partner with the nonoccupied orbitals of the other partner. Table II.   TABLE III The magnitudes of E PL and E CT contributions are comparable to each other. The polarization energy in both configurations of the complexes and the charge-transfer energy in the linear complexes are mainly contributed by the N 2 moieties. In the bent complexes, the charge-transfer energies influenced by HRgY moieties are dominant. The estimated dispersion energy component is larger for the bent complexes and it is comparable with the E ES contribution.
B. Vibrational properties
The computational complexation-induced spectral shifts are in good agreement with the experimental data. All levels of computations predict substantial blueshift for the H-Rg stretching vibration. Based on the calculations, the complex bands with larger blueshift are assigned to the linear configurations and those with smaller blueshifts to the bent configurations. The distinction between the linear and bent forms is quite straightforward for HArF¯N 2 and HKrCl¯N 2 . For HKrF¯N 2 , the difference in shifts of two observed bands ͑11.0 cm Ϫ1 , see asterisk in Fig. 4͒ is not large enough to make a decisive conclusion. These two bands may originate either from the two matrix sites of bent configurations or from the linear and bent configurations. Some overestimations of the computational H-Rg stretching frequencies occur for the linear configurations when compared with the experimental values. The larger basis set ͑especially aug-ccpVTZ͒ gives even larger shifts, which might indicate imbalance between the correlation level and the basis set. 36 The discrepancy between the magnitudes of the calculated and observed shifts is partially due to the different matrix shifts of HRgY monomer and its N 2 complex. Often matrix shifts of complexes are smaller when compared with the corresponding monomer, lowering the absolute value of monomer-to-complex shift. 37 The HArF and HKrF molecules and their complexes have two matrix sites with different thermal stability. In the proposed image, an HRgF molecule in the unstable matrix site reorganizes upon annealing to the more stable site. 15 This process might be connected with the initial trapping of the HF precursor in either interstitial or in single substitutional sites. 7 One remarkable observation should be mentioned here: the band of the bent HArF complex in the unstable matrix site is dominant while the linear complex is hardly visible. In the stable matrix site, the strong absorption of the linear complex is seen. This fact can be explained by thermal relaxation of the bent HArF complex to the more stable linear complex. For the HKrF, it is possible that the linear complex is not formed, and this finds the explanation in the relative energies of the linear and bent configurations ͑see Table  III͒ . Of course, this conclusion is very tentative. It is interesting to note that the N 2 -induced longer-range perturbed sites of the HRgY monomers ͓M in Figs. 4͑a͒ and 5͑a͒ , 5͑b͔͒ are present only in the krypton matrices. This suggests a larger nitrogen-induced perturbation for the krypton lattice when compared with argon.
The complexation of HRgY molecules with N 2 leads to a shortening of the hydrogen donor ͑H-Rg͒ bond and elongation of the Rg-Y bond. This effect is stronger in the linear complexes increasing efficiently charge separation of the (HRg) ϩ Y Ϫ complex partner. As a result, the HRg moiety structurally approaches the (HRg) ϩ cation, 38,39 indicated by shortening of the H-Rg bond length and increase of the H-Rg stretching frequency. This is opposite to ''classical'' hydrogen bonding effects where the proton donor ͑H-X͒ bond in a Y¯H-X system ͑Y is proton acceptor͒ elongates and the corresponding stretching vibration frequency redshifts. It has been described that the origin of the blueshifting hydrogen bonds can be understood by a charge transfer from the proton acceptor Y to the electronegative proton donor moieties X in the Y¯H-X complex system. 2 This charge transfer to the larger part of the donor molecule prevents further occupancy of the antibonding * orbital of the H-Y bond, which shortens the bond instead of the typical elongation. Recently, Li and co-workers have suggested that the mechanisms behind the blueshifting and redshifting hydrogen bonds are similar. 3 They noticed that electrostatic inter- action with corresponding Pauli repulsion term is the natural source of the blueshift whereas the strong orbital interaction causes the elongation of the H-X bonds and hence a decrease of the vibrational frequency. These effects are competing upon complexation: ''classical'' redshifting hydrogen bonds originate from a large orbital interaction while a weaker orbital interaction ͑or stronger electrostatic interaction and Pauli repulsion͒ in complexes can result in a blueshift of the vibrational frequency. In our studies, very large blueshifts of the H-Rg stretching frequency are found for all HRgY¯N 2 complexes. For some of the HRgY compounds, complexation may be a significant stabilizing factor. In this respect, HHeF, the computationally predicted chemically bound helium containing molecule is rather interesting. [40] [41] [42] It has been calculated that HHeF is unstable with respect to tunneling into its fragments HϩHeϩF or HFϩHe and the lifetimes associated with these channels are predicted to be in a femtosecond or picosecond scale. 40, 41 The tunneling rate strongly depends on the potential-barrier parameters ͑height and width͒. Thus, tunneling-induced decomposition of HHeF can be suppressed upon proper complexation ͑for instance, HHeF¯N 2 ). However, the situation is not straightforward because the destabilization via bending coordinate was found in a related system. 8 Moreover, the energy of these metastable species can be, in principle, decreased upon complexation below the atomic asymptote, which would offer a real basis for experimental preparation. Investigations on this topic are underway in our laboratory.
V. CONCLUSIONS
The complexes of HArF, HKrF, and HKrCl with nitrogen have been studied. Two complex geometries ͑linear and bent͒ are found both computationally and experimentally in low-temperature matrices for these three species with possible exclusion of a stable configuration of HKrF¯N 2 where only the bent complex seems to appear in our experiments. The H-Rg stretching frequency of these species is very sensitive to the complexation as evidenced by the large monomer-to-complex blueshifts ͑Ͼ100 cm Ϫ1 for HKrCl͒. The computational interaction energies of the complexes before ZPE correction are between 400 and 800 cm
Ϫ1
. The electrostatic forces provide the most important contributions to the interaction energy of the linear HRgY¯N 2 complexes. In the bent complexes, electrostatic and dispersion forces are competing in attractive interaction energy. The complexation-introduced stabilization of the weakly bound HRgY molecules is emphasized and its potential for making HHeF observable is suggested.
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